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The proportions of prespore and prestalk cells in Dictyostelium discoideum are regulated so that they are size invariant and
can adjust when the ratio is perturbed. We have found that disruption of the gene amdA that encodes AMP deaminase
results in a significantly increased proportion of prestalk cells. Strains lacking AMP deaminase form short, thick stalks and
glassy sori with less than 5% the normal number of spores. The levels of prestalk-specific mRNAs in amdA2 cells are more
than twice as high as those in wild-type strains and prespore-specific mRNAs are reduced. Using an ecmA::lacZ construct
to mark prestalk cells, we found that amdA2 null slugs have twice the normal number of prestalk cells. The number of cells
expressing an ecmO::lacZ construct was not affected by loss of AmdA, indicating that the mutation results in an increase
in PST-A prestalk cells rather than PST-O cells. This alteration in cell-type proportioning is a cell-autonomous consequence
of the loss of AMP deaminase since mutant cells developed together with wild-type cells still produced excess prestalk cells
and wild-type cells carrying the ecmA::lacZ construct formed normal numbers of prestalk cells when developed together
with an equal number of amdA2 mutant cells. © 2001 Elsevier Science
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The functioning of multicellular tissues and organs is
dependent on the proper proportions of their constituent
cell types. In metazoans, differential growth and death of
cells types as well as signal-directed differentiation can
establish optimal ratios of specialized cell types (Domen et
al., 2000; Weissman, 2000). In Dictyostelium, development
occurs in the absence of nutrients and leads to the forma-
tion of a fruiting body with two distinct cell types, spores
and stalk cells. Since the number of cells does not signifi-
cantly change during development of Dictyostelium, nei-
ther differential cell growth nor differential cell death
appears to be involved in establishing the proportions of the
cell types (Bonner and Frascella, 1952; Shaulsky and Loo-
mis, 1995). Genes expressed exclusively in one or the other
of the cell types have been used as molecular markers to
determine when and where their precursors first arise
(Jermyn et al., 1989; Williams et al., 1989; Fosnaugh and
Loomis, 1993; Nicol et al., 1999). About 10 h after the
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All rights reserved.initiation of development, as the cells are entering into
aggregates, spatially dispersed cells express either prespore-
or prestalk-specific genes. Fate mapping has shown that
these cells maintain their cell-type specificity throughout
the slug stage so that 14 h later they give rise to spores and
stalk cells, respectively. However, if the proportions are
altered by removing most of the prespore or prestalk cells at
the slug stage, the remaining cells respond by adjusting the
ratio of cell types so that they form small, but normally
proportioned fruiting bodies (Raper, 1940). It appears that
cell-type proportions are regulated within slugs by intercel-
lular signals.
The first cells to express cell-type-specific genes appear to
do so in a cell-autonomous manner (Gomer and Firtel, 1987;
Firtel, 1995). In populations of dispersed cells treated with
conditioned medium and cAMP, there are usually about
four times as many prespore cells as prestalk cells (Wood et
al., 1996). However, about half the cells do not express
either prespore or prestalk genes under these conditions.
Shortly after the initial prespore and prestalk cells appear in
mounds, they sort out so that the prestalk cells are pre-
dominantly found at the apex of the mound and the
prespore cells are below them. By the time that a tip forms
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most of the cells in the uppermost quarter have accumu-
lated prestalk-specific mRNAs while the remainder of the
cells have accumulated prespore-specific mRNAs (Es-
calante and Loomis, 1995). Given unidirectional light and
low osmotic conditions, fingers transform into migrating
slugs with the prestalk cells at the front. About 10% of the
cells in the posterior express prestalk genes and are referred
to as anterior-like cells (ALCs) (Sternfeld and David, 1982;
Early et al., 1993). Moreover, the anterior domain can be
subdivided on the basis of expression of marker genes
driven by different portions of the prestalk-specific gene
ecmA. PST-A cells are found at the front and enter the stalk
tube first while PST-O cells are behind them and enter the
stalk tube near the end of culmination (Early et al., 1993).
The size of a slug is dependent on the population density
during the aggregation stages and can vary by several orders
of magnitude, from 103 to 105 cells. Yet the proportion of
prespore and prestalk cells is almost the same in small slugs
as in large slugs (Farnsworth and Loomis, 1976; Escalante
and Loomis, 1995). Likewise, the proportions of spores and
stalks in fruiting bodies is size invariant over a wide range
(Raper, 1940; Stenhouse and Williams, 1977). These obser-
vations also suggest that a field-wide signal is acting to
establish the proportions of the cell types.
Null mutations in a variety of genes have been found to
affect cell-type proportions. Strains in which the gene
encoding a putative MEK kinase, MEKKa, is disrupted form
slugs in which there is a twofold increase in PST-O cells
and a concomitant decrease in prespore cells (Chung et al.,
1998). The stability of this protein kinase is regulated by the
ubiquitin-conjugating enzyme UbcB (Clark et al., 1997;
Chung et al., 1998). The level of ubiquination of MEKKa
and its rate of turnover are reduced by the ubiquitin
hydrolase UbpB and, as might be expected, disruption of the
gene encoding this enzyme also results in an increase in
PST-O cells (Chung et al., 1998). Disruption of a gene
encoding a protein with seven ankyrin repeats and a ho-
meobox, wriA, also results in expansion of the PST-O
domain at the expense of the prespore domain (Han and
Firtel, 1998). On the other hand, disruption of fbxA, a gene
encoding five WD40 repeats and an F-box, results in fewer
PST-O cells, while overexpression of this gene increases the
number of PST-O cells (Nelson et al., 2000). It is not clear
whether these genes participate in a common network
controlling cell-type proportions.
Although the mechanism of establishment and regula-
tion of cell-type proportions is not yet understood, a rela-
tively simple model has been proposed in which prespore
cells release a signal to which they themselves are not
responsive but which instructs uncommitted cells to differ-
entiate as prestalk cells rather than prespore cells (Loomis,
1993; Soderbom and Loomis, 1998). Although the nature of
the signal is unknown, if all cells participate in its break-
© 2001 Elsevier Science. Adown, it could account for the size invariance of cell-type
proportions and their regulation in molested slugs.
A specific suggestion has been made for the possible
inhibitor of prespore differentiation. Schaap and Wang
(1986) proposed that adenosine generated from metabolism
of cAMP might inhibit prespore differentiation and induce
prestalk differentiation. They reported that converting ex-
tracellular adenosine to inosine by bathing slugs in adeno-
sine deaminase resulted in accumulation of prespore anti-
gens in the anterior. Likewise, they observed that slugs
migrating on agar containing 5 mM adenosine had a layer of
cells along the base that did not stain for prespore antigens.
Moreover, addition of 100 mM adenosine to cells dissociated
from aggregates and incubated in the presence of 30 mM
cAMP led to the accumulation of a prestalk-specific mRNA
(D11) but had little effect on another prestalk-specific
mRNA (D14) or a prespore-specific mRNA (D19) (Spek et
al., 1988).
We recently isolated a mutant that makes aberrant fruit-
ing bodies with very few spores from a population of
Dictyostelium cells that had been mutagenized by random
plasmid insertion facilitated by restriction enzyme-
mediated integration (Kuspa and Loomis, 1992). The se-
quence of the gene disrupted in this strain indicated that it
was likely to encode the enzyme that converts AMP to IMP,
adenosine monophosphate deaminase. Since this enzyme
might affect the levels of adenosine, we decided to fully
investigate the consequences of loss of this gene.
MATERIALS AND METHODS
Chemicals
Adenosine (9-b-D-ribofuranosyladenine), inosine (hypoxanthine
9-D-ribofuranoside), AMP (adenosine 59-monophosphate), and IMP
(inosine 59-monophosphate) were purchased from Sigma Chemical
Co.(St. Louis, MO). Cemusol was the product of SFOS (Persan,
France).
Cells, Growth, Transformation, and Development
Dictyostelium discoideum strains AX4, TL1 (AX4,cotB::lacZ),
and TL6 (AX4,ecmA::lacZ) (Fosnaugh and Loomis, 1993) were
grown in HL-5 medium (Sussman, 1987). Synchronous develop-
ment of cells was induced by collecting exponentially growing
cells, washing them with 20 mM phosphate buffer, pH 6.3, and
depositing them on nitrocellulose filters at 5 3 107 cells per filter
(Sussman, 1987; Shaulsky and Loomis,1993).
REMI mutants were generated from AX4 cells transformed with
the selectable plasmid pBSR1 (Shaulsky et al., 1996). Cells were
transformed by electroporation in the presence of DpnII and
transferred to tissue culture plates with HL-5 medium. Transfor-
mants were selected for growth in the presence of 5 mg/ml
blasticidin S (Adachi et al., 1994). Transformations with constructs
carrying the cell-type-specific markers cotB::lacZ and ecmA::lacZ
were carried out by electroporation and transformants were se-
lected for growth in the presence of 10 mg/ml G418 (Shaulsky and
Loomis, 1993).
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ment as described by Shaulsky and Loomis (1993). Filters were
washed with 20 mM phosphate buffer (pH 6.2) containing 20 mM
EDTA and the cells dissociated by passage through an 18- to
21-gauge needle. Detergent (cemusol) was added to 0.3%, and the
cells were incubated for 1 h before being washed, counted, and
spread at the appropriate density with bacteria on SM plates. The
number of plaques observed after 4 days was used to calculate the
number of viable spores.
Transformation with AMP Deaminase Expression
Vector
Plasmid pTF187HincII was recovered from genomic DNA of
strain DG1114 following digestion with HincII. This plasmid was
used as a template for high-fidelity PCR, using Vent polymerase
(New England Biolabs). The 59 end was amplified using a BamHI-
linked primer (CGCGGATCCGCAAGAAAAGATCAAACTCA-
ACTC) and SP6 primer. The 39 end was made by using an
XbaI-linked primer (GCTCTAGAGCACCT GGTATCATCATG)
and T7 primer. The two halves of the gene were cloned individually
and used to create a full-length clone, joined at the unique BstYI
site. The full-length gene was cut out with BamHI and XbaI and
ligated in frame into the actin 15-driven expression vector
pDXA-3C to create the rescue vector, pA15amdA. Wild-type and
amdA2 cells were transformed with linearized expression vector by
electroporation and transformants selected with 5 mg/ml G418
(Shaulsky and Loomis, 1993). Individual transformants were
screened for the amdA mRNA by Northern analysis of RNA from
growing cells.
AMP Deaminase Activity and Detection of Purines
AMP deaminase activity was assayed as described by Norman et
al. (1994) with minor modifications. Samples were collected in 20
mM phosphate buffer, pH 6.3, and the cells pelleted by brief
centrifugation. After the supernatant was removed, the cells were
quick-frozen in a dry-ice–methanol slurry. The samples were
thawed and resuspended in 150 ml of a solution of 10 mM
imidazole–HCl (pH 6.3) containing 1 mM 2-mercaptoethanol.
Then, 15 ml of the sample was added to 285 ml of reaction solution
composed of 50 mM imidazole–HCl (pH 6.3), 0.1 M KCl, and 12.5
mM AMP. After various periods of incubation at 22°C, 40-ml
samples were added to 10 ml of 1.5 M perchloric acid on ice to stop
the reaction. After neutralization with 30 ml of 1 M KOH, precipi-
tated proteins were removed by centrifugation. Then, 10 ml of the
supernatant was injected into a Nucleosil C-18 column (250 3 4.5
mm) with a particle size of 5 mm (ThermoQuest Co., Runcorn,
U.K.) on a Beckman 114M HPLC. The mobile phase consisted of
215 mM KH2PO4 (pH 5.9), 2.4 mM tetrabutylammonium hydrogen
sulfate, and 3.5% acetonitrile in water. Material eluting at the
position of IMP was detected at 254 nm.
To determine the concentrations of metabolites, cells were
collected in phosphate buffer and washed once, and the pellet was
frozen. Upon thawing, the samples were resuspended in 100 ml
H2O, brought to 3.5% PCA, and centrifuged, and the supernatants
were neutralized with 1 M KOH before 10 ml was analyzed by
HPLC. cAMP levels were determined by using the Amersham
Cyclic AMP [3H] assay system (Amersham Pharmacia Biotech,
Piscataway, NJ). Protein was determined by the Bradford procedure
using the Bio-Rad Protein Assay.
© 2001 Elsevier Science. AX-Gal Staining
Staining of slugs and culminates for b-galactosidase activity was
performed as described previously (Wang et al., 1996). To count the
number of lacZ1 cells, slugs were dissociated and the cells fixed
with 3.7% formaldehyde in Z buffer for 10 min, washed once with
Z buffer, and incubated at 37°C with 1 mM X-Gal. The number of
cells that stained blue was determined on a Zeiss microscope with
a 403 objective.
Northern Blots
RNA was isolated from cells collected at various developmental
stages by using the Trizol reagent (Gibco/BRL). Then, 20 mg of each
sample was electrophoretically separated on agarose gels and
blotted to Magna Graph nylon membranes (Osmonics, Inc., West-
borough, MA) (Shaulsky and Loomis, 1993). The blots were probed
for mRNA from ecmA (Williams et al., 1989), cotB (Fosnaugh and
Loomis, 1993), tagC (Shaulsky et al., 1995), and amdA with probes
made from appropriated clones.
RESULTS
Isolation of Strain DG1114
Insertional mutagenesis facilitated by restriction
enzyme-mediated integration (REMI) has been used to gen-
erate a large number of morphological mutants in Dictyo-
stelium from which the disrupted genes can be rapidly
cloned (Kuspa and Loomis, 1992; Loomis, 1996). One of the
mutants collected in our REMI screen, strain DG1114, was
found to form small slugs that culminated into fruiting
bodies with thickened, gnarly stalks and glassy sori when
developed on buffer-saturated filters (Fig. 1). Less than 5%
of the cells formed detergent-resistant spores under these
conditions, indicating a severe defect in terminal differen-
tiation.
The gene disrupted in strain DG1114 was isolated by
cutting genomic DNA with HincII, recircularizing, and
cloning in Escherichia coli. The resulting plasmid was used
to recapitulate the original genetic defect by transforming
wild-type cells of strain AX4 and selecting for homologous
recombinants. Several independent transformants were
found to have the same gross morphological defects as
strain DG1114 and were shown by Southern analyses to
have integrated the disrupted gene into the homologous site
(data not shown). These recapitulated mutants formed the
same distorted fruiting bodies as strain DG1114 when
developed on filters and never made more than 5%
detergent-resistant spores. One of these recapitulated
strains, TL140, was used in subsequent experiments.
Sequence of the Gene Disrupted in Strain DG1114
We sequenced the insertion carried in the plasmid iso-
lated from strain DG1114 and found a large open reading
frame of 2.5 kb interrupted by a single intron near the 59 end
ll rights reserved.
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(Fig. 2B) shows a very high similarity to sequences encoding
AMP deaminase from Saccharomyces cerevesiae, Arabi-
dopsis thalliana, and humans (Fig. 2C). This enzyme cata-
lyzes the conversion of adenosine monophosphate to ino-
sine monophosphate and mutations affecting this enzyme
in muscles have been implicated in metabolic myopathy
associated with exercise-induced fatigue, cramps, and my-
algia in humans (Fishbein et al., 1978; Goebel and Bardosi,
1987). Since there is greater than 60% amino acid identity
over the complete sequence of these genes, we named the
Dictyostelium locus amdA. The sequence of amdA has
been deposited in GenBank (Accession No. AF238311).
Expression of amdA during Development
RNA samples were collected from wild-type AX4 cells
and TL140 mutant cells at various times after the initiation
of development, electrophoretically separated on agarose
gels, and blotted for Northern analyses. Probing with a
0.7-kb HincII/NdeI fragment of amdA revealed a single
2.8-kb transcript in wild-type cells that was missing in
mutant cells (Fig. 3). amdA mRNA accumulated to slightly
higher levels during the first 4 h of development and then
gradually declined (Fig. 3). This mRNA never appeared
during development of amdA2 cells.
AMP Deaminase Activity
The conversion of AMP to IMP in Dictyostelium has
FIG. 1. Terminal structures. Cells of strain DG1114 (A) and its p
fruiting bodies are shown. The sorus on the thick stalk formed by
lysed. Size bars (0.2 mm) are shown.been detected by high-performance liquid chromatography
© 2001 Elsevier Science. A(HPLC) (Malliaros et al., 1991). Using this assay with crude
extracts prepared by freezing and thawing cells during
development, we found that the rate of production of IMP
was linear with respect to time and extract for up to 15 min
and that the apparent Km for AMP was 1 mM (data not
shown). AMP deaminase activity was high in wild-type
AX4 cells but was undetectable in strain DG1114 or the
recapitulated amdA2 strain TL140 at any time in develop-
ment (Fig. 4). The specific activity increased slightly during
the first 5 h of development of wild-type cells and then
gradually tapered off. It appears that all of the measurable
AMP deaminase is dependent on the amdA gene and that
we are working with null mutants.
Cell-Type-Specific Gene Expression
To determine the consequences of loss of AMP deami-
nase on cell-type-specific differentiations, we prepared
RNA at various stages throughout development of wild-
type and TL140 (amdA2) cells and probed Northern blots
for transcripts of the prestalk-specific genes ecmA and tagC
(Williams et al., 1989; Shaulsky et al., 1995) as well as the
prespore-specific gene cotB (Fosnaugh and Loomis, 1993).
By 10 h of development, both prestalk mRNAs had accu-
mulated more than threefold more in the mutant cells than
in wild-type cells while the prespore mRNA was slightly
reduced (Fig. 5A). Loss of AMP deaminase appears to have
resulted either in overexpression of the prestalk genes or in
an increase in the proportion of prestalk cells.
Constructs that allow the cells types to be distinguished
t strain AX4 (B) were developed for 30 h on filters. Representative
of DG1114 has a glassy appearance because most of the cells havearen
cellsby staining for b-galactosidase activity were transformed
ll rights reserved.
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© 2001 Elsevier Science. Ainto amdA2 cells. Prespore cells are marked in strains
carrying the cotB::lacZ construct while prestalk cells are
marked in strains carrying the ecmA::lacZ construct (Wil-
liams et al., 1989; Fosnaugh and Loomis, 1993). When
compared to slugs made by wild-type cells carrying the
ecmA::lacZ construct, slugs made by amdA2 cells had
many more prestalk cells (Fig. 5B; Table 1). The proportion
of the axial length that included predominantly stained
cells increased at least twofold in amdA2 slugs and the
percentage of stained cells increased from 16 to 34%. When
we stained strains carrying the prespore marker cotB::lacZ,
FIG. 3. Expression of amdA. RNA was isolated from cells of
strain AX4 or strain DG1114 at the indicated times following the
initiation of development, electrophoretically separated, and blot-
ted. Blots were probed for the 2.8-kb amdA mRNA.
FIG. 4. AMP deaminase activity. Samples were collected every
5 h during development of wild-type AX4 cells (circles) and amdA2
cells (squares). The activity of AMP deaminase and total protein in
crude lysates was measured to determine the specific activityFIG. 2. Structure of amdA and comparison of its product. (A) A
schematic representation of the sequence surrounding the site of
plasmid insertion in strain DG1114 (solid triangle). The two exons are
represented as boxes. They are separated by a short intron (thin line).
(B) Sequence of the predicted product of amdA. (C) Alignment of
AmdA with homologs from Saccharomyces (Sc-Amd), Arabidopsis
thalliana (At AMD), and Homo sapiens (Hs-AMPD2) using ClustalW.throughout development.
ll rights reserved.
188 Chae, Fuller, and LoomisFIG. 5. Cell-type-specific differentiations. (A) Northern blots of RNA samples prepared every 5 h throughout development of wild-type
strain AX4 and amdA2 strain TL140 were probed for the prestalk-specific mRNAs ecmA and tagC as well as for the prespore-specific
mRNA cotB. (B) Wild-type cells carrying either ecmA::lacZ (a) or cotB::lacZ (c) as well as amdA2 cells carrying either ecmA::lacZ (b) or
cotB::lacZ (d) were developed for 16 h on filters, fixed, and stained for b-galactosidase activity. Representative stained slugs were
photographed. Prestalk cells are stained blue in panels a and b, while prespore cells are stained blue in panels c and d. (C) Wild-type AX2
cells carrying ecmO::lacZ (a) and amdA2 cells carrying ecmO::lacZ (b) were developed for 16 h on filters, fixed, and stained for
b-galactosidase activity. Size bars (0.2 mm) are shown.
rform
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reduced in amdA2 slugs compared to wild-type slugs and
the number of prespore cells was reduced from 66 to 42%.
It appears that loss of AMP deaminase results in a signifi-
cant change in the proportions of the cell types.
Prestalk cells can be subdivided into two types, PST-A
and PST-O, depending on whether or not they express a
lacZ reporter construct driven by the ecmO-specific en-
hancer region (Jermyn et al., 1989). amdA2 cells trans-
formed with a ecmO::lacZ construct were developed to the
slug stage and stained with X-Gal (Fig. 5C). As in wild-type
slugs, stained cells were found in a collar at the back of the
prestalk region. The number of such stained cells was not
significantly affected by the lack of AMP deaminase. Thus,
mutations in amdA2 appear to specifically affect the pro-
portion of PST-A cells.
Accumulation of Metabolites
AMP deaminase plays a critical role in the interconver-
sion of purines and may function in the maintenance of
energy charge (Chapman and Atkinson, 1973; Coffee and
Solano, 1977). Therefore, we compared the cell-associated
levels of several purine compounds in wild-type and amdA2
cells throughout development (Fig. 6). The concentration of
cAMP was not affected by loss of AMP deaminase for the
first 10 h of development but was somewhat reduced at
later stages when cAMP increases about threefold as the
consequence of accumulation of the late adenylyl cyclase
encoded by acrA (Soderbom et al., 1999) (Fig. 6A). The
concentration of AMP was several orders of magnitude
greater than that of cAMP, most likely as the result of
degradation of ribosomal RNA to mononucleotides. As
might be expected, the concentration of AMP increased
during development of cells lacking AMP deaminase such
that, by 20 h of development, the level was three times that
in wild-type cells (Fig. 6B). Likewise, the level of IMP in
amdA2 cells was reduced to half of that in wild-type cells
(Fig. 6C). Adenosine was found at the same concentration in
wild-type and amdA2 cells for the first 10 h of development
and then increased somewhat in the mutant cells during
subsequent developmental stages (Fig. 6D). The most dra-





Percentage stained cellsa 16.0 6 2.0
a Means and SE are shown for three independent experiments pein the accumulation of inosine (Fig. 6E). Although the levels
© 2001 Elsevier Science. Aof inosine were the same in vegetative cells of mutant and
wild-type cells, they increased immediately after the initia-
tion of development in the amdA2 cells while they stayed
constant in wild-type cells. By 10 h of development, when
cell-type divergence occurs, the levels of inosine were more
than threefold higher in the mutant cells and the levels kept
rising. If the intercellular concentration of one of these
purines is involved in cell-type proportioning, it is most
likely to be inosine.
Secretion of Metabolites
Since cell-type proportioning is size-independent and
adapts to perturbations, it must involve interactions among
the cell types. Therefore, we determined the rate of secre-
tion of adenosine, inosine, and AMP during development of
wild-type and amdA2 mutant cells. Growing cells were
washed free of nutrients and incubated in phosphate buffer
for 5 h. The supernatant was then analyzed by HPLC.
Wild-type cells were found to release both adenosine and
inosine at the rate of about 0.5 nmol/h/108 cells and the rate
of release from amdA2 mutant cells was not much higher
(Table 2). When cells that had developed for 5 h on filters
were washed and resuspended in buffer for 2 h, amdA2
mutant cells were found to have secreted somewhat more
adenosine and inosine than did wild-type cells (Table 2).
Wild-type cells were found to release AMP at the rate of
1.48 nmol/h/108 cells while amdA2 cells released almost 10
times more (Table 2). These results suggest that most of the
AMP that accumulates as the result of the inability of the
mutant cells to convert AMP to IMP is secreted, resulting
in only a modest increase in cell-associated AMP (Fig. 6B).
Likewise, when cells that had developed for 5 h on filters
were washed and resuspended in buffer for 2 h, the mutant
cells secreted almost 10 times more AMP than wild-type
cells (Table 2). At that rate of secretion, AMP could reach
millimolar concentrations within a slug in a few hours.
We tested the effects of exogenous adenosine, inosine,
and AMP on cell-type proportioning by developing AX4
cells carrying the prestalk marker construct ecmA::lacZ
(strain TL6) on filters saturated with buffer to which we had
added either 1 or 10 mM of the metabolites. We fixed and
stained slugs after 16 h of development and found that, in
amdA2
otB<lacZ ecmA<lacZ cotB<lacZ
6.4 6 10.0 34.4 6 4.0 41.6 6 5.0
ed in duplicate.c
6all cases, almost all of the lacZ1 cells were localized to the
ll rights reserved.
190 Chae, Fuller, and Loomisanterior 20% of slugs. There was no observable change in
the ratio of stained to unstained cells in slugs that devel-
oped in the presence of adenosine, inosine, or AMP (data
not shown). Similar experiments were carried out with AX4
cells carrying the prespore marker construct cotB::lacZ.
Development in the presence of 1 mM or 10 mM adenosine,
inosine, or AMP had no measurable effect on the ratio of
stained to unstained cells or on the localization of stained
cells to the posterior 80% of slugs (data not shown). Thus,
FIG. 6. Accumulation of metabolites in developing cells. Wild-
type AX4 cells (open circles) and amdA2 cells (filled circles) were
washed and deposited for development on filters. Samples were
taken every 5 h for the determination of the concentration of cAMP
by radioassay and purines by HPLC. Means and SE are shown from
at least three independent experiments performed in duplicate.it is unlikely that secretion of any of these metabolites is
© 2001 Elsevier Science. Aresponsible for the increase in the proportion of prestalk
cells seen in amdA2 cells.
Chimeras
If intercellular signaling is affected in the amdA2 mutant
strains, then the proportions of wild-type cells that co-
develop together with amdA2 cells in chimeric slugs
should be affected. On the other hand, if the response of
cells to such signaling is affected by loss of AMP deaminase,
cell-type proportioning of wild-type cells will not be af-
fected. We mixed wild-type cells carrying the prestalk
marker ecmA::lacZ with either unmarked wild-type cells or
unmarked amdA2 cells and determined the number of
stained prestalk cells after 16 h of development (Table 3).
When developed as pure populations, the AX4 ecmA::lacZ
strain had 13 6 1% stained cells. When equal numbers of
AX4 ecmA::lacZ and wild-type cells were mixed, 7.4 6 1%
were stained, and the same number of stained cells were
found in slugs formed from equal numbers of AX4
ecmA::lacZ and amdA2 mutant cells. Likewise, when equal
numbers of wild-type cells were mixed with amdA2
ecmA::lacZ cells, the number of blue cells was reduced to
half (Table 3). In both cases, the number of stained cells
reflected the proportion of marked and unmarked cells in
the original mixture. It appears that the presence of wild-
type cells does not correct the defect in cell-type propor-
tioning among amdA2 cells nor does the presence of mu-
tant cells affect cell-type proportioning among wild-type
cells.
The reduction in sporulation efficiency was also a cell-
autonomous phenotype of the amdA2 cells since it was not
significantly improved by development in the presence of
wild-type cells (Table 3). Equal numbers of mutant and
wild-type cells were mixed and developed together for 36 h
and the resulting fruiting bodies collected. The cells were
dispersed, treated with detergent, and plated clonally so
that the phenotype of the structures in the resulting plaques
could be scored. Only 56% of the cells formed viable spores
and most of these were wild type as judged by the morphol-
ogy of the fruiting bodies formed within the resulting
plaques (Table 3). While this is slightly more than expected,
it is within the variation seen when any two strains are
developed in mixed populations.
Rescue of amdA2 Phenotype
The phenotype resulting from the loss of AMP deaminase
could be completely rescued by transforming amdA2-null
cells with a construct in which the regulatory region of
actin 15 was used to drive a full-length copy of the wild-
type amdA gene. The fruiting bodies formed by these
transformants were indistinguishable from wild-type fruit-
ing bodies and the sori had the normal number of spores
(data not shown). Moreover, the levels of ecmA and cotB
ll rights reserved.
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191AMP Deaminase in ProportioningmRNAs were found to be the same as those in wild-type
strains throughout development.
We also determined the consequences of overexpression
of amdA by transforming wild-type AX4 cells with the
act15::amdA construct. The specific activity of AMP
deaminase was found to be sixfold higher in growing cells of
these transformed strains than in wild-type cells. The level
increased twofold during the first 5 h of development and
stayed high throughout the remainder of development (Fig.
7). However, there were no observable consequences to
morphogenesis or cell-type proportioning resulting from
overexpression of the enzyme. The act15::amdA cells
formed normally proportioned fruiting bodies and the levels
of ecmA and cotB mRNA were not significantly different
from those in wild-type strains (data not shown). The levels
of the purine metabolites AMP, IMP, adenosine, and ino-
sine, were also the same throughout development as found
in wild-type cells. Thus, it appears that purine metabolism
TABLE 2
Secreted Metabolites
Adenosine (nmol/h/1 3 108 cells) Ino
0–5 h 5–7 h 0–
AX-4 0.50 6 0.10 0.67 6 0.25 0.64
amdA2 0.54 6 0.10 1.86 6 0.60 0.92
Note. Exponentially growing cells were collected, washed twic
centrifugation. Purines secreted into the buffer were determined by
collected, washed twice, and shaken for 2 h in phosphate buffer. Pu
and SE are shown for three independent experiments performed in
TABLE 3
Cell Autonomy
Strainsa Percentage stained cellsb
AX4 ecmA<lacZ 13 6 1
AX4 ecmA<lacZ 1 AX4 7.4 6 1
AX4 ecmA<lacZ 1 amdA2 7.6 6 1
amdA2 ecmA<lacZ 31 6 4
amdA2 ecmA<lacZ 1 AX4 16 6 4
amdA2 ecmA<lacZ 1 amdA2 15 6 4
Percentage viable sporesb
AX4 85 6 7
amdA2 4 6 4
AX4 1 amdA2 56 6 4 (w.t); 2 6 1 (amdA2)
a Where indicated equal numbers of cells from two strains were
mixed and deposited on filters to initiate development together.
b Means and SE are shown for three independent experiments
performed in duplicate.
© 2001 Elsevier Science. Ais not significantly affected by excess AMP deaminase
activity.
DISCUSSION
AMP deaminase is a highly conserved enzyme encoded
by a single gene in yeast and by a small multigene family in
mammals (Meyer et al., 1989; Morisaki et al., 1990; Bausch-
Junken et al., 1992; Yamada et al., 1992). There appears to
be a single gene encoding AMP deaminase in Dictyostelium
since insertion of a plasmid into the amdA locus results in
loss of all measurable activity. While this enzyme is ubiq-
FIG. 7. AMP deaminase activity. Samples were collected every 5 h
during development of amdA-overexpressing cells (act15::amdA)
(squares) and wild-type AX4 cells (circles). The activity of AMP
deaminase and total protein in crude lysates was measured to deter-
nmol/h/1 3 108 cells) AMP (nmol/h/1 3 108 cells)
5–7 h 0–5 h 5–7 h
6 0.68 6 0.15 1.48 6 0.60 1.31 6 0.40
0 1.05 6 0.15 12.58 6 1.30 10.92 6 0.70
d shaken for 5 h in phosphate buffer before being removed by
C (0–5 h). Cells were also developed for 5 h on filters before being







rinesmine the specific activity throughout development.
ll rights reserved.
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pressed in different tissues (Ogasawara et al., 1982;
Morisaki et al., 1990; Mahnke-Zizelman and Sabina, 1992).
In humans, it has been found that deficiencies in muscle-
specific AMP deaminase can result in “limp infant” and
benign congenital hypotonia (Fishbein et al., 1978; Goebel
and Bardosi, 1987). Mutations in AMPD1 result in loss of
muscle-specific AMP deaminase and metabolic myopathy
(Morisaki et al., 1992). The enzyme is activated when it
binds myofibrils and is regulated by phosphoinositides
(Rundell et al., 1992; Hisatome et al., 1998; Sims et al.,
1999). AMP deaminase functions in the interconversion of
purines and may also affect adenylate energy-charge (Bo-
gusky et al., 1976; Schultz and Lowenstein, 1976; Chapman
and Atkinson, 1973; Coffee and Solano, 1977; Ogasawara et
al., 1987).
Mutations that inactivate AMD in yeast have no observ-
able effects on growth of the cells (Meyer et al., 1989).
Likewise, Dictyostelium cells in which amdA is disrupted
grow well. However, loss of AMP deaminase results in
secretion of AMP at 10 times the rate found in wild-type
cells. There is also a gradual increase in the internal
concentration of AMP during development. The internal
concentration of IMP is slightly reduced but there is a
buildup of inosine within the cells (Fig. 6). AMP can be
dephosphorylated to adenosine, which can be converted to
inosine by the action of adenosine deaminase within the
cells. Such a pathway may function early in development of
amdA2 cells such that AMP and adenosine accumulate
much less than inosine.
Loss of AMP deaminase profoundly affects cell-type pro-
portioning so that the ratio of prestalk to prespore cells is
twice as high in slugs generated by amdA2 mutant cells as
in wild-type slugs. It also reduces the efficiency of sporula-
tion significantly. Both of these aspects of the phenotype of
amdA2 cells are cell autonomous since development in the
presence of an equal number of wild-type cells did not
reduce the proportion of prestalk cells or increase the
efficiency of sporulation (Table 3). Moreover, wild-type
cells developing in mixtures with amdA2 cells were unaf-
fected and formed the normal proportions of prestalk cells
and encapsulated well (Table 3). If disruption of amdA
resulted in reduced release of either a prespore inducer or a
prestalk inhibitor, we would have expected the cell-type
proportions in the mutant cells to respond to the signals
released by codeveloping wild-type cells. But this was not
observed. Likewise, if disruption of amdA resulted in ex-
cess secretion of either a prespore inhibitor or a prestalk
inducer, we would have expected the cell-type proportion in
the wild-type cells to be affected. But this was not observed.
Thus, it appears that the consequences of loss of AMP
deaminase act within individual cells and determine how
they will proceed along the pathways leading to cell-type
divergence. Although amdA2 cells secrete more than twice
as much adenosine and 10 times the amount of AMP during
© 2001 Elsevier Science. Aearly development as wild-type cells, this does not seem to
affect cell-type proportions among codeveloping wild-type
cells. Moreover, we were unable to observe any effects of
added adenosine, inosine, or AMP on cell-type proportions
in either wild-type or mutant cells. We were also unable to
observe any effects of adding adenosine deaminase on
cell-type-specific differentiation of migrating slugs of a
strain carrying the prespore marker cotB::lacZ. In contrast
to the results reported by Schaap and Wang (1986), we did
not see evidence for prespore cells differentiating in the
anterior (prestalk) region in slugs treated with adenosine
deaminase for either 2 or 4 h (data not shown). LacZ1 cells
were seen in the posterior (prespore) regions but not in the
anterior (prestalk) regions whether or not the slugs were
bathed in the enzyme to degrade endogenous adenosine.
Thus, it is unlikely that adenosine plays a significant role in
cell-type proportioning as had been suggested earlier
(Schaap and Wang, 1986).
In contrast to strains in which MEKKa, ubpB, wriA, or
fbxA is disrupted, the proportion of PST-O cells appears to
be unaffected by disruption of amdA. It is the PST-A cells
that are affected by loss of AMP deaminase. Thus, the two
prestalk cell types appear to be subject to distinct regulatory
mechanisms.
Although AMP deaminase acts in a cell-autonomous
manner within prestalk cells, it does not affect the initial
divergence of the cell types since amdA2 cells give rise to
the same proportion of cells expressing either an early
prestalk marker (cprB) or a prespore marker (cotB) as wild-
type cells when developed at low cell density under sub-
merged conditions (Gomer, personal communication).
Thus, AMP deaminase appears to play a role at a later stage
to regulate the cell-type proportions in multicellular
mounds.
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